Objectives: Emerging evidence indicates that sleep duration is associated with health outcomes. However, the relationship of sleep duration with long-term health is unclear. This study was designed to determine the relationship of sleep duration with mortality as a parameter for long-term health in a large prospective cohort study in Korea.
INTRODUCTION
Duration of sleep is an important factor in predicting not only the quality of sleep but also the quality of life and overall health [1] [2] [3] . Many studies have found associations between inappropriate sleep duration and health outcomes such as total mortality, type 2 diabetes (DM), cardiovascular disease (CVD), and general health [4] [5] [6] .
The factors predicting or influencing an individual's sleep duration may vary between countries or cultures [7, 8] . Socioeconomic status indicators, including marital status, financial stress, education level, menopausal status, and history of nightshift work, are related to sleep duration [9, 10] . Although the evidence is inconsistent, other lifestyle factors have been found to affect sleep duration. This may confound the association between sleep duration and health risks and modulate the association between sleep duration and health risk across different characteristics. As an important lifestyle factor, sleep duration may be an indicator of behavior, quality of life, or other aspects of health in Koreans.
In this study, we investigated the association between sleep duration and measures of all-cause and disease-specific mortality through a community-based cohort study in Korea, where non-communicable diseases, including cancer and CVD, have been the leading causes of death for the last 20 years. We controlled for lifestyle factors and factors associated with the prevalence of metabolic syndrome and comorbidities, such as blood cholesterol, hypertension, DM, and body mass index (BMI). Our purpose was to suggest appropriate sleep duration for the general population, using mortality as a parameter for long-term health.
METHODS

Study Population
Eligible subjects were enrolled from the Korean Multi-center Cancer Cohort (KMCC) study, a community-based prospective cohort, and from participants recruited from urban and rural areas in Korea (Haman, Chungju, Uljin, and Youngil). The rationale and design of the KMCC is described in detail elsewhere [11] . Between 1993 and 2004, 20 257 subjects participated in the KMCC study. We excluded 235 participants because of missing information on locality, 1245 participants who were younger than 20 years of age at the time of enrollment, and 43 participants with a missing birth date. A total of 5570 subjects were excluded because of missing information on sleep duration. Finally, 13 164 participants were included in the analysis. Written informed consent was obtained from all participants, and the institutional review boards of Human Research at Seoul National University College of Medicine approved the study.
Data Collection and Follow-up
At baseline, all lifestyle factors, including sleep duration, were assessed through direct interview conducted by welltrained personnel using a structured questionnaire. People were asked about their average sleeping time per day: ≤5, 6, 7, 8, 9, or ≥10 hours. Height and weight were used to calculate BMI (as current weight divided by height squared [kg/m 2 ]). Waist circumference was also measured. Participants were asked about their smoking status (never, current, and past) and use of alcoholic beverages (never, current, and past).
Factors used in the diagnosis of metabolic syndrome were also collected. Plasma samples obtained at recruitment were used for determining total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides. Low-density lipoprotein (LDL) cholesterol was calculated by the following equation: LDL cholesterol=total cholesterol-(HDL cholesterol+triglycer-ide/400). Metabolic syndrome was diagnosed if participants met >3 of the following criteria: total cholesterol level ≥200 mg/dL, HDL level ≤40 mg/dL, waist circumference ≥102 cm in men or ≥88 cm in women, fasting plasma glucose level ≥ 100 mg/dL, diastolic blood pressure ≥85 mmHg, or systolic blood pressure ≥130 mmHg (National Cholesterol Education Program Adult Treatment Panel III 2001).
Cause of death was classified according to the international classification of the 10th revision of the International Classification of Disease (ICD-10). Follow-up through the Death Certificate database of the National Statistical Office was completed on December 31, 2010. Cause of death was classified by ICD-10 as follows: all causes of death (A00-Z99), all types of cancer death (C00-C97), CVD death (I00-I99), respiratory disease death (J00-J99, A15-A19), external cause of death with injury (S00-S99, T00-T99, and V01-X59), and cause of death "not elsewhere classified" including senility (R00-R99). The total number of deaths during the study period was 1580: 526 were due to cancer, 363 due to CVD, 129 due to respiratory disease, and the remaining due to other causes.
Statistical Analysis
Baseline characteristics of the study population for sleep duration were compared by the chi-square test for categorical variables and the Student's t-test or ANOVA for continuous variables. Hazard ratios (HRs) and corresponding 95% confidence intervals (CIs) of risk factors for all-cause and diseasespecific mortality were obtained based on the regression coefficients and standard errors from the Cox's proportional hazards regression models with follow-up time as the time scale. The proportional hazard assumptions for different durations Sleep Duration and Mortality of sleep were examined by inspecting log minus-log survival plots. All models were adjusted for age (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) , 40-49, 50-59, 60-69, and ≥70 years), sex, and history of chronic disease including hypertension, DM, or heart disease. Educational attainment (none, 1-11, and ≥12 years) and BMI (<21, 21-22.9, 23-24.9 , and ≥25 kg/m 2 ) were also included in the models. We evaluated how the association between sleep duration and mortality was modified by variables such as age and sex. Participants were divided into two age groups (<60 and ≥60 years) and stratified by sex.
To explore the possibly non-linear shape of the risk function, we examined the relationship between sleep duration and mortality non-parametrically with restricted cubic splines [12] . Non-linearity was tested using the likelihood ratio, comparing the model with only the linear term to the model with the linear and the cubic spline terms. We fitted a Cox proportional hazards model with restricted cubic splines for sleep duration treated as continuous variables [13, 14] . We specified 4 knot positions at 6, 7, 8, and 9 hours of sleep, because the data for sleep duration were collected as nominal variables. HRs for all-cause mortality were assessed by comparison to subjects who reported fixed sleep duration of 7 hours, which corresponded to the lowest risk of death. HRs for all-cause mortality were stratified by gender and age (<60 and ≥60 years). Statistical significance was assumed at a p-value of <0.05. All statistical analyses were performed using SAS version 9.3 (SAS Inc., Cary, NC, USA).
RESULTS
During the mean follow-up of 9.44 years, corresponding to 124 267 person-years, 1580 deaths were observed. Cancer was the leading cause of death (33.3%), followed by CVD (23.0%). The general characteristics of the study population are shown in Table 1 . Participants with sleep durations of ≤5 hours were more likely to be women and less educated. Participants with sleep durations of ≤5 or ≥10 hours had a higher proportion of comorbidities associated with metabolic syndrome, such as central obesity, hypertension, DM, high plasma triglycerides, or lower HDL cholesterol.
The HRs for all-cause mortality according to sleep duration are shown in Table 2 . The sleep durations associated with the lowest risk of death from any cause or a disease-specific cause, were 7 and 8 hours. The HR for a sleep duration of 8 hours was very similar to that for a duration of 7 hours (the comparison number), with a <10% increase (HR, 1.03) in all-cause mortality. The relationship of all-cause mortality with sleep duration showed a U-shape (Pcurvilinearity=0.001) ( Figure 1 ). As compared with a sleep duration of 7 hours, the HR for a sleep duration of ≤5 hours was 1.21 (95% CI, 1.03 to 1.41) and the HR for a sleep duration of ≥10 hours was 1.36 (95% CI, 1.07 to 1.72).
Sleep duration was not associated with cancer mortality, which was the most common cause of death in this study (Table 2). In contrast, CVD-specific mortality, the second most common cause of death, showed a borderline significant relationship with sleep duration (Pcurvilinearity=0.09), where the HR for a sleep duration of ≤5 hours was 1.40 (95% CI, 1.02 to 1.93). A sleep duration of 8 hours showed a risk of CVD death (HR, 1.04), which is similar to the risk associated with a sleep duration of 7 hours. The group reporting ≥10 hours sleep duration also showed an increased risk of CVD death (HR, 1.37), even though the risk was not statistically significant when all variables were included in the model. There was a strikingly positive association between sleep duration and the risk of death due to respiratory diseases. The HR for death due to respiratory disease was found to have a U-shape (Pcurvilinearity =0.01), with the highest risk at both extremes (≤5 and ≥10 hours of sleep) ( Table 2 ). For external causes of death, including all types of injury, no specific changes in HRs with sleep duration were observed. There was no significant trend when we included all other related factors in the model (Pcurvilinearity = 0.49). Meanwhile, the risk of unclassified cause of death, including senility, increased with a sleep duration of ≥10 hours (HR, 3.29; 95% CI, 1.68 to 6.47) ( Table 2 ). HRs for "not elsewhere classified" causes had a significant non-linear relationship with sleep duration, but not a U-shape as we expected ( Figure 1) .
The relationship between sleep duration and risk of death was prominent in women (Pcurvilinearity=0.002) ( Table 3) . HRs in CVD mortality according to sleep duration in both men and women had a U-shape, even though it was not statistically significant in the model (Pcurvilinearity=0.29 and 0.26, respectively). A sleep duration of ≤5 hours increased the mortality due to CVD death, with a HR of 1.48 (95% CI, 0.97 to 2.28) in women (Table 3) . Female participants with a sleep duration of ≥10 hours did not show any increased risk of death by CVD, but this might be due to a lack of power in the study. Among deaths from CVD, an increase for stroke mortality with sleep duration of ≤5 hours was prominent in men (HR, 2.12; 95% CI, 1.06 to 4.26) (data not shown). In contrast, an increased risk of death due to heart disease with a sleep duration of ≤5 hours was found only in women (HR, 1.81; 95% CI, 0.97 to 3.39). An in- 3 Person who ever been educated for ≥12 years. 4 Including tuberculosis, chronic bronchitis, pneumonia, asthma and chronic obstructive pulmonary disease. 5 Person who ever diagnosed of hypertension or systolic blood pressure≥130, diastolic blood pressure≥85 (mmHg). 6 Person who ever diagnosed of diabetes mellitus or fasting plasma glucose level ≥100 (mg/dL). 7 Person whose waist circumference >102 in men, or >88 in women (cm). 8 Person whose level of fasting plasma HDL level <40 in men, or <50 in women (mg/dL). 9 Person whose level of fasting plasma triglyceride level ≥150 (mg/dL). 10 Person whose level of fasting plasma total cholesterol level ≥200 (mg/dL). 11 Person whose level of fasting plasma LDL level ≥100 (mg/dL).
creased risk of death due to heart disease with a sleep duration of ≥10 hours was prominent in men; however, it was not statistically significant (HR, 1.82; 95% CI, 0.83 to 4.03) (data not shown). The risk of death due to respiratory disease increased with sleep duration of ≤5 hours in both men (HR, 1.51; 95% CI, 0.73 to 3.13) and women (HR, 2.42; 95% CI, 0.95 to 6.19), although this was not statistically significant. An increased risk of death from respiratory disease with sleep duration of ≥10 hours was found only in women (HR, 5.43; 95% CI, 1.68 to 17.52) ( Table 3 ). The curvilinear patterns of HR for "not elsewhere classified" causes were significant in both men and women in the model (Pcurvilinearity=0.005 and Pcurvilinearity=0.004, respectively) ( Table 3 ).
An increased risk of death with a decrease or increase in the sleep duration as compared with a sleep duration of 7 hours was found only in adults aged ≥60 years (Pcurvilinearity=0.001) ( Table 4 ). In those aged <60 years, the relationship of HR with sleep duration did not show any specific shape because of the small number of deaths due to disease-specific causes. Among disease-specific causes, the relationship between sleep duration and respiratory disease mortality was prominent in those aged ≥60 years. The HRs for mortality from "not elsewhere classified" causes in those aged ≥60 years also had a non-linear relationship with an increased risk toward sleep duration of ≥10 hours (Pcurvilinearity=0.001) ( Table 4) . HRs and 95% CIs were based on Cox's proportional hazard model, adjusting for age, sex, educational attainment, body mass index, cigarette smoking, alcohol consumption, past history of hypertension, type 2 diabetes, CVD, and metabolic syndrome. p-value for the non-linear relation between sleep duration and mortality tested by restricted cubic splines. 3 ICD-10 codes of A00-Z99. 4 ICD-10 codes of I00-I99. 5 ICD-10 codes of C00-C99. 6 ICD-10 codes of J00-J99, A15-A19. 7 ICD-10 codes of S00-S99, T00-T99, and V01-X59. p-value for the non-linear relation between sleep duration and mortality tested by restricted cubic splines. HR, hazard ratio; CI, confidence interval. Duration of sleep (h) E F
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DISCUSSION
We found that the risk of all-cause, CVD, and respiratory disease mortality increased in participants who slept ≤5 hours as compared with participants who slept 7 hours. Particularly noteworthy was the finding that the risk of dying also increased HRs and 95% CIs were based on Cox's proportional hazard model, adjusting for age, educational attainment, body mass index, cigarette smoking, alcohol consumption, past history of hypertension, type 2 diabetes, CVD and metabolic syndrome. ICD-10 codes of A00-Z99. 4 ICD-10 codes of I00-I99. 5 ICD-10 codes of C00-C99. 6 ICD-10 codes of J00-J99, A15-A19. 7 ICD-10 codes of S00-S99, T00-T99, and V01-X59. 8 ICD-10 codes of R00-R99. ICD-10 codes of A00-Z99. 4 ICD-10 codes of I00-I99. 5 ICD-10 codes of C00-C99. 6 ICD-10 codes of J00-J99, A15-A19. 7 ICD-10 codes of S00-S99, T00-T99, and V01-X59. 8 ICD-10 codes of R00-R99.
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with a sleep duration ≥10 hours. Sleep durations of 7 and 8 hours showed the lowest risk of death due to any cause, even though the results suggest that disease-specific mortality should be differently associated with sleep duration. The U-shaped association between sleep duration and allcause mortality with the lowest risk at 7 or 8 hours has been reported in many studies [3, [15] [16] [17] [18] [19] . A meta-analysis supported the U-shaped association between sleep duration and all-cause mortality [20] . However, the association between sleep duration and disease-specific mortality is still controversial, because studies examining these relationships have yielded less consistent results. In our study, CVD-specific mortality showed a significant association with sleep duration ≤5 hours.
The association between longer sleep durations (9 hours to ≥10 hours) and increased risk of death across studies is still unclear. Long sleep duration may be a consequence of medical conditions and age-related sleep changes rather than a contributor to increased risk of mortality [21] . In this study, we found that mortality from respiratory disease and "not elsewhere classified" causes was significantly increased with longer sleep duration. Longer sleep durations may mediate inflammatory, metabolic, or immune responses related to the risk of CVD or respiratory diseases [2, 22] . However, there is little evidence to indicate that sleep duration of >7-8 hours has adverse health effects. No other studies have demonstrated possible mechanisms for identifying long sleep duration as a cause of mortality [23] . In this study, we accounted for possible comorbidities; however, we could not discern psychological abnormalities that might affect quality or duration of sleep. Furthermore, as we found an increased risk of death in those ≥60 years of age, the causes of death might not have been recorded accurately. For example, "non-specific" or "general illness" in elderly adults might have led to longer sleep durations due to age-related aspects of their health status.
The results from studies that have analyzed the association of baseline sleep duration with mortality separately in both genders have been inconsistent. An increased risk of death with short sleep durations was found in both genders [24] [25] [26] or only among women [27] . An increased risk of death with long sleep durations was also found in both genders [26, 28] or only among women [29] . Previous studies did not find any change in the risk of death in either gender [30, 31] . Several methodological explanations that might account for these inconsistencies, such as binary or tertiary scales of sleep duration, relatively short-term follow-up, or the small number of participants, have been reported [8] . In this study, the scale of sleep duration was not binary or tertiary, and there was a relatively long-term follow-up period, but the number of male participants was relatively small compared with female participants. Additional research might be needed to confirm the effects of gender on the relationship between sleep duration and mortality.
Several studies reported that the relationship between sleep duration and mortality is largely influenced by deaths in elderly subjects and by the measurement of sleep durations close to death [8, 27] . This might be caused by the geographic locality of the study, which was based in rural areas where the proportion of elderly adults is high. Subjects aged ≥60 years who reported sleep durations of ≤5 hours or of ≥10 hours were more likely to die within the follow-up period. As expected, most deaths occurred among those aged ≥60 years at recruitment (n=1223 for all causes of death and 308 for CVD death), whereas comparatively few deaths occurred among middle-aged subjects (n=357 for all causes of death and 55 for CVD death). Therefore, the lack of association between sleep duration and mortality in middle-aged subjects could be due to lack of statistical power.
Biological plausibility for the association of sleep duration and mortality might derive from the fact that sleep deprivation can cause alterations in cortisol secretion and altered growth hormone metabolism [32] . Another mechanism relating sleep duration to adverse health outcomes is reciprocal changes in circulating levels of leptin and ghrelin, which in turn would increase appetite and caloric intake, reduce energy expenditure, and facilitate development of obesity and impaired glycemic control [33] , leading to increased CVD risk. Several studies have reported that chronic inflammation is sustained in short-duration sleepers, as evidenced by markers such as C-reactive protein, and could explain how health status is influenced by sleep patterns [34] . The hypothesis that there is a curvilinear association between sleep duration and markers of inflammation was partly supported. All these mechanisms could be involved in the U-shape of the relationship between HR and sleep duration in this study.
This study had some limitations. First, we did not have data to classify sleep quality, sleep apnea, or sleep-disordered breathing, which could influence the health of long-duration sleepers. There may also be differences between self-reported sleep duration and values obtained through actigraphic monitoring. Although some studies have found good agreement between self-reported sleep durations and those measured through actigraphic monitoring [35] , other studies have found self-reported sleep durations to overestimate sleep duration when compared with actigraphic and polysomnographic monitoring [36] . Second, a cause-and-effect relationship of sleep duration with mortality is not clear. In this study, changes in all-cause mortality according to sleep duration appeared to be explained by the presence of an increase in CVD or respiratory disease mortality. However, the results were still complex in stratified analysis, and there is no other plausibility to explain these results, especially with longer sleep durations (9 hours or ≥10 hours). We classified other specific causes of death and found increased mortality from respiratory disease and "not elsewhere classified" causes in longer-duration sleepers. This pattern was prominent in elderly adults, a population where the general health status and accompanying comorbidities associated with aging might affect the results. Third, because each lifestyle factor was assessed at baseline only, we could not consider the changes in sleep duration over time. Changes in sleep patterns over the follow-up period could have weakened the association between sleep duration reported at baseline and mortality. Fourth, the number of subjects and follow-up duration were limited in the analysis of disease-specific mortality stratified by gender and age.
This prospective cohort study found a U-shaped relationship of sleep duration with an increased risk of death at both extremes (≤5 and ≥10 hours of sleep duration). This relationship was also revealed in death due to CVD, respiratory disease, and "not elsewhere classified" causes. Sleep durations of 7 and 8 hours showed the lowest risk of death due to all causes and disease-specific causes. The results from this study suggest that sleep duration of 7 to 8 hours be recommended to the public for a general healthy lifestyle in Korea. Further studies are needed to investigate the influence of biological mechanisms or gender differences on the association between sleep duration and risk of death.
